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ABSTRACT OF THESIS 
 
 
RELATIVE COMPETITIVE ABILITIES, INTERSEXUAL OVERYIELDING, AND 
POPULATION SEX RATIO CHANGES IN A BRYOPHYTE 
 
Unequal sex ratios are widespread in dioecious plants and understanding their cause is 
important to understanding fundamental aspects of their population dynamics, and yet what causes 
biased sex ratios in plants is still poorly understood. Competition experiments have been used in 
plants to predict the outcome of species interactions, but they have rarely been used to help explain 
sex ratio bias. This study used a response surface competition design to measure the relative 
competitive abilities of the sexes of the bryophyte Marchantia inflexa (a thallus liverwort of 
Marchantiaceae) to predict the outcome of competition before the onset of sexual reproductive 
structures. In bryophytes, dioecy and sex ratio bias is especially common, making them effective 
organisms for studying sex ratio bias. Given the frequency of female bias in bryophytes, the 
hypothesis was that females will show a higher competitive ability relative to males. The 
experiment was conducted in greenhouse conditions at several densities and proportions over the 
course of seven months. As individuals grew and formed clumps, identities were tracked, and 
growth measurements were made using photographs and computer imaging software.  Both sexes 
grew on average 41% more with the opposite sex relative to their single-sex cultures.  A model 
predicting future sex ratios showed coexistence between the sexes and predicted a male biased sex 
ratio of 3.2 males to 1 female. A trade-off was observed for males where single-sex cultures 
contained more asexual structures than mixed-sex cultures and the reverse for growth rate. Higher 
levels of asexual reproduction in males in single-sex cultures might be selected for to increase male 
dispersal for a higher probability of encountering females. This pattern was not found for females. 
The overyielding results suggest an interaction effect may exist due to niche differentiation between 
the sexes. In addition, the results suggest that in some dioecious plants a change in sex ratio can 
occur before differences in their allocation to sexual reproduction.  
 
KEYWORDS: Competition, Sex ratio, Dioecy, Overyielding, Mating system, Bryophytes  
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CHAPTER 1.  RELATIVE COMPETITIVE ABILITIES, INTERSEXUAL 
OVERYIELDING, AND POPULATION SEX RATIO CHANGED OF A NON-
VASCULAR PLANT 
Introduction 
The ratio between males and females in populations directly affects their frequency 
of reproductive success and thus a population’s growth and persistence, especially during 
a time of changing climates (Hultine et al. 2016). Understanding why unequal population 
sex ratios, sex ratios skewed towards one sex or the other, occur can help with 
understanding fundamental forces shaping population dynamics. Plants are commonly 
observed with population sex ratios biased towards one of the sexes (Meagher 1981, 
Bierzychudek and Eckhart 1988, Bisang and Hedenäs 2005, Eppley 2006). The cost of sex 
hypothesis proposes that biased sex ratios in plants occur when the sex that allocates more 
to sexual reproduction pays a cost to growth and survival that results in lower abundance 
in the landscape (Delph 1999). While male biased population sex ratios are common among 
angiosperms (Field et al. 2012), female biased sex ratios are more commonly observed 
among bryophytes (Bisang et al. 2005). The realized cost of sex hypothesis states that while 
in angiosperms most female plants have gametes that are fertilized, in bryophytes low 
levels or a lack of actual fertilization results in many females not maturing offspring 
(Bowker et al. 2000), thus females experience less realized cost of sexual reproduction 
relative to males, because males allocate relatively more resources to their reproductive 
function (pre-fertilization) (McLetchie 1992, Stark et al. 2000). However, a previous study 
has shown that rapid sex ratio changes can occur before the onset of sex structures, 
suggesting other forces besides a difference in allocation towards sexual reproduction 
could also be influencing sex ratio bias (Eppley et al. 2018).  
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Variation in sex ratios may also result from competition for resources between the 
sexes, so that when one sex outcompetes the other a biased sex ratio is created. Generally 
differences in competitive abilities in plant species can stem from differences in specific 
traits between competitors (Tilman 2007). Because traits can differ between the sexes 
within a species, dimorphic traits, then a difference in competitive ability can be created 
that result in a biased sex ratio. These dimorphic traits include functional traits, that define 
how an individual interacts with its environment and other organisms. Competition 
experiments for comparing competitive abilities in plants have a long, rich history of being 
used in angiosperms, but do not appear to have been used in bryophytes (McGilchrist and 
Trenbath 1971, Hamilton 1994, Snyder et al. 1994, Grace 2012). Despite this rich history 
of species competition, there are few examples of them being used to compare competitive 
abilities between the sexes, but see Hawkins et al. (2009) for an example. Thus, how 
intersexual competition affects sex ratios in plants is still poorly understood, including in 
bryophytes where dioecy is especially common and where some of the most extreme 
population sex ratios are known to occur, ranging from all female to all male among species 
(Wyatt 1982, Bisang and Hedenäs 2005, Haig 2016) and within species (Brzyski et al. 
2018). 
This study tests if a difference in competitive ability is contributing to sex ratio 
biases in a species of bryophyte. A response surface competition design based on the de 
Wit design (1960) is used with the thallus liverwort Marchantia inflexa. Based on a general 
female bias in bryophytes, and the results of past models of the species (McLetchie et al. 
2002, Crowley et al. 2005), the prediction is that females will show a greater competitive 
ability relative to males. 
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In bryophytes, trade-offs have been found between allocation to sexual versus 
asexual reproduction (Stark et al. 2009), and recent studies have suggested energy 
allocation in plants can be influenced by characteristics of an individual’s neighbor 
(Dudley et al. 2007). Given that sperm dispersal distances in bryophytes are most often a 
few centimeters (Crum 2001), there may be selection for plants to asexually disperse in the 
absence of the opposite sex and allocate more to growth when the other sex is present. 
Thus, in addition to testing for sex differences in competitive ability, this study tests the 
prediction that less asexual reproduction will occur when the sexes are grown together 
relative to single-sex cultures. 
Methods 
Study organism: Marchantia inflexa is a thalloid liverwort of the Marchantiaceae 
family and member of the informal bryophyte group. It is native from the southeastern 
United States to northern Venezuela (Schuster 1983, Bischler 1984). The species is 
dioecious, containing male and female sex structures on separate plants. Sex is 
chromosomally based (Bischler 1984). Populations throughout the range contain both 
sexes with some exceptions in the southern United States, persisting through asexual 
reproduction (Schuster 1983, Fusilier and McLetchie 2004, Stieha et al. 2014). They are 
most commonly found along stream banks and the surface of rocks within streams and on 
soil along forest roads (Groen et al. 2010a). Asexual reproduction occurs via asexual 
propagules, gemmae, produced within splash cups on the surface of thalli or through thallus 
fragmentation where older thalli will decay leading to fragmentation and physiologically 
distinct plants (Schofield 1985). Growth of the thallus is horizontal across surfaces and 
dichotomously branching. The species is often observed growing in clumps, where thalli 
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are intertangled creating a mat. Sex structures are held on stalks (modified thalli) and are 
the principal way to distinguish between the two sexes. When sex structures are absent, the 
sexes are virtually indistinguishable. However, a recent study has identified DNA markers 
for male and female plants (Marks et al. 2019). 
Propagule Source: Plants were sourced from 37 genotypes (Brzyski et al. 2012), 18 
females and 19 males, originally collected from roadside and stream-side sites on the island 
of Trinidad in the Republic of Trinidad and Tobago. They were grown as stock plants in 
greenhouse conditions at The University of Kentucky, Lexington, KY, USA.  
Competition Experiment: To compare competitive abilities between the sexes, a 
response surface competition design, a variation of the de Wit competition design, was 
selected for the experiment. This design is one of the most effective for comparing 
competitive abilities between different plant species (Inouye 2001). In the de Wit 
competition design pots are planted at an overall constant density while the relative 
proportion of the competitors is varied (de Wit 1960). The yield of individuals can then be 
measured to test the effect of the relative proportions of the competitors on their 
performance.  This design has since come under criticism and suggestions for 
improvement, including adding multiple overall densities, have been made (Firbank and 
Watkinson 1985, Gibson et al. 1999, Inouye 2001). Multiple initial densities allow for the 
detection of a threshold (or a minimum) initial density where the overall growth of the 
plants in the experimental unit no longer increases with higher initial density, because 
growth at the individual level is reduced. This point indicates a level of competitive 
interaction and is referred to as the constant final yield point. Approaching this point 
ensures competition is occurring at a level where a cost to growth is being demanded of 
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each individual by a higher level of competition with its neighbors. If constant final yield 
is reached, analysis will focus on densities at and above that threshold point. If constant 
final yield is not reached, then analysis will be performed solely on the highest density 
group. Initial sizes of individuals were measured and included in the analysis because 
greater initial size has been associated with higher growth rates in other plant competition 
designs (Conolly 1987). 
To vary the initial density of treatments, densities of 2, 4, and 6 plants were used. 
To compare the effect of one sex on the other, there were three proportions for each for the 
two and four density pots (2:0, 1:1, 0:2, and 4:0, 2:2, 0:4, respectively) and five proportions 
for the six density pots (6:0, 4:2, 3:3, 2:4, 0:6, Figure 1.1). Altogether, 11 treatments of 
density and proportions were used (Figure 1.1). Each treatment included nine replications 
for a total of 99 pots.  
 
Figure 1.1 Planting densities and proportions for Marchantia inflexa in the response 
surface competition design. Point labels represent the ratio of female to male plants 
(Female : Male). All densities contain single sex proportions for both males and females 
(e.g. 4:0 means four females and zero males while 0:4 means zero females and four 
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males). Densities two and four contained one mixed sex proportion while density six 
contained three mixed proportions. 
 
To supply cuttings for the experiment, all 19 male and 18 female genotypes were 
needed to supply enough healthy cuttings. Individual genotypes were randomly assigned 
to pots using a random number generator. Cuttings of M. inflexa were chosen for the best 
signs of health and cut at approximately one-half centimeter and included one meristematic 
region. A t-test showed no significant difference in the size of cuttings between males and 
females (P < .05). Four-inch plastic horticultural pots were used with ventilation slits and 
full-spectrum neutral density plastic sheeting (Lee Filters, Burbank CA, USA) was used to 
create transparent lids to reduce the level of weed infiltration. Soil was field collected from 
the University of Kentucky and steam sterilized three times to reduce contamination from 
weeds. To further suppress weeds, algae, moss, and ferns were removed using sterilized 
forceps and spatula, and a dissection microscope. To track the growth of each individual, 
photographs were taken at approximately 14-day intervals (Figure 1.2). 
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Feb. 3 (0 d) 
 
Mar. 21 (46 d) 
 
Apr. 16 (72 d) 
 
May 7 (93 d) 
 
May 22 (108 d) 
 
Jun. 13 (130 d) 
 
Jul. 3 (150 d) 
 
Jul. 23 (170 d) 
 
Aug. 6 (184 d) 
 
Aug. 20 (198 d) 
 
Sep. 4 (213 d) 
 
 
Figure 1.2 Photographs of one six-density pot, holding six males of different or the same 
genotype source, at approximately 14-day intervals from Feb. 3 to Sep. 4, 2018. Pots are 
approximately 6.5 X 6.5 centimeters (or 2.5 X 2.5 inches) in length and width. 
Overgrowth can be seen beginning on May 22. Yield measurements were made in the 
form of area at irregular intervals between 45 and 62 days on the dates Feb. 3, Mar. 20, 
May 7, Jul. 3, and Sep. 4. 
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To measure growth, the area covered (yield) per individual was measured at 
irregular intervals from 45 to 62 days from photographs at five time points: Feb. 3, Mar. 
20, May 7, Jul. 3, and Sep. 4 (Figure 1.3). Measuring growth at five intervals allowed for 
representing the growth of individuals.  Given the flat nature of growth of the experimental 
plant, area covered measurements were used as a proxy for yield. Yield measurements 
continued until the identification of individuals was no longer possible using photographs, 
after Sep. 4. Size was measured using an internal scale and the computer imaging software 
ImageJ (U.S. National Institutes of Health, Bethesda, Maryland, USA; available at 
http://imagej.nih.gov/ij/, Figure 1.3).  
 
 
Figure 1.3 Plants were measured using imaging software ImageJ. The image above shows 
the same pot as figure 2 being measured on Sep. 4. The area outlined represents the space 
covered by one individual. 
 
As time progressed, plants sharing a pot became increasingly entangled and 
difficult to identify. The photographs taken at 14-day intervals were then used to track 
individuals over time for identification and colored tick marks were added to growing tips 
of individuals on photographs to ensure correct identification (Figure 1.4). 
9 
 
 
Figure 1.4 Colored tick marks (added to photographs) on a photograph from Jul. 3 of 
figure 2 showing individual identifications for tracking individuals over the duration of 
the experiment. 
 
Asexual allocation: To test whether a trade-off exists between asexual reproduction 
versus vegetative growth, the number of gemma cups per square centimeter of vegetation 
was recorded. Photograph resolution was inadequate for counting gemmae cups, so 
gemmae cups could not be tracked to individuals. In addition, gemma cups were counted 
October 2018, past the date where individuals could be reliably tracked. Gemma cups were 
counted at the pot level, thus the number of gemmae per single sex male and female and 
mixed sex pots were estimated.  
Data Analysis: To assess the level of competition occurring, a measure of the level 
of overlap among individuals was done by comparing the total final area of plants per pot 
with the total surface area per pot. A total final area of plants per pot greater than the soil 
surface area of the pot represents overlapping plants. To compare differences in overlap 
between densities a Tukey test was used. Another way the level of competition was 
estimated was by testing the effect of density on relative growth rates using a Tukey test to 
assess whether a cost to growth for individuals was associated with a higher initial density.   
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  To calculate growth rates for individuals to account for their initial size, overall 
relative growth rate (Pearcy et al. 1989) was used, such that:  
Relative growth rate (RGR) = (ln W2 - ln W1) / (t2 - t1)  (1) 
where t = time, W = size, ln = natural log, and the subscript 1 and 2 are initial time (0 d) 
and final time (213 d) respectively.  
To test the effect of growing in mixed-sex cultures versus single-sex cultures for 
each sex, a t-test was used comparing relative growth rates between single-sex and mixed-
sex cultures. To test whether there was an association between the number of same sex 
members an individual shared a pot with and its relative growth rate a linear regression was 
used, one test for each sex and one additional test with the sexes lumped together. To test 
the effect of the initial proportion of males to females, sex, and genotype within sex on 
relative growth rates, a multi-factor analysis of variance (ANOVA) was used.  
Competition indices: To compare interactions between males and females three 
competition indices (Snyder et al. 1994) were calculated: relative yield (RY), relative yield 
total (RYT), and aggressivity (A). RY describes the relative amount of growth for a sex in 
a mixed sex relative to single sex pots of the same density. RYT describes the relative 
amount of growth for both sexes combined in a mixed sex pot relative to their single sex 
pots at the same density. A describes the difference in RYs between the sexes and which 
sex is gaining or losing more from growing in mixture. 
Relative yield (RY) was calculated with p representing initial proportion of females 
in mixture, (0 d), q representing initial proportion of males in mixture (0 d), Yfm 
representing the yield of females in mixture (213 d), Ymf representing the yield of males in 
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mixture (213 d), Yf representing yield of females in single-sex pots (213 d) and Ym 
representing yield of males in single-sex pots (213 d). Yield is measured as change in area 
from the measurements using photographs. 
RYfm = (Yfm) / p (Yf)     (2) 
and 
RYmf = (Ymf) / q (Ym)    (3) 
Because within the same density there are more individuals of a sex in a single sex pot than 
a mixed-sex pot, p and q terms convert the total number of individuals in the same sex pots 
to the actual number of individuals of that sex in the mixtures. RYfm is interpreted as how 
females grow in mixture with males relative to growing with only other females and RYmf 
is interpreted as how males grow in mixture with females relative to growing with only 
other males. An RYxx value of 1 indicates a sex is growing as well in mixed sex pots as 
single-sex pots. An RYxx < 1 indicates the sex is growing less and an RYxx > 1 indicates 
the sex is growing more in mixed sex than single-sex pots. 
Relative yield total (RYT) is calculated using the RY values obtained above and 
using the equation:  
RYT = pRYfm + qRYmf     (4) 
RYT is interpreted as the sum of increase or decrease in size of both sexes combined 
in mixed sex compared to single-sex pots. For example, a RYT of one occurs when the two 
sexes are competing similarly with each other as with themselves, below one indicates 
mutual antagonism, and above one is interpreted as the sexes together experienced an 
12 
 
average increase in biomass when growing in mixed sex compared to single-sex pots.  
Thus, a RYT of 1.2 represents 1.2 times more biomass (productivity) in mixtures relative 
to monocultures (Tilman 1999).  The amount above one is referred to as overyielding 
(Tilman 1999), higher yield production in plant mixtures relative to their monocultures. 
Because RYT has been found in other studies to be low early on in the establishment phase 
and increase over time, a linear regression was used testing the association of RYT values 
and time in days. In this analysis RYT was calculated for each time interval. 
Aggressivity describes whether a sex gains or loses biomass as a result of growing 
with the other sex. A higher aggressivity score for one sex indicates it is gaining more 
biomass than the other sex from growing in mixtures.  
Af = RYfm - RYmf      (5) 
and 
Am = RYmf - RYfm    (6) 
So that, Af  = - Am. All competition index values are compared to their expected 
values, 1.0 for RY and RYT and 0 for A, using the student’s t-test.   
To test for a significant change in sex ratio between the initial planting and final 
measurement, a linear regression was made with male proportion of plant area per pot 
(calculated as total male area / (total male area + total female area)) plotted against time in 
days, including day 0, 46, 93, 150, 213. 
Predicting future sex ratios: For quantifying the effects of competition on 
population dynamics, a ratio diagram was constructed that predicts the outcome of 
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competition as done for species pairs (de Wit 1960, Ayala 1971, McCreary 1983). In the 
ratio diagram the initial input quotient (initial male size / initial female size; x axis) is 
plotted against the final output quotient (final male size / final female size; y axis) using 
natural logs. A regression line with a slope of one indicates one species consistently 
outcompetes the other. A slope below one indicates a stable equilibrium exists along this 
regression line. To determine the location of the stable equilibrium, the point of intersection 
of the regression line and a line from zero with slope of one is found (de Wit 1960, Ayala 
1971, McCreary 1983). To interpret the sex ratio of the equilibrium point, an inverse log 
will be taken of the x and y values. Ratio diagrams are used when data are from several 
proportions and only one density. For this experiment, a ratio diagram will be used for the 
density group that shows the highest level of competition. 
Comparing gemma cup production: Total number of gemma cups per pot was 
divided by the total plant area per pot to calculate the level of asexual reproduction. Thus, 
for mixed sex pots this value includes both males and females. An ANOVA was used to 
test for the effect of pot type (single-sex female, mixed-sex, and single-sex male pots) on 
gemma production. To test for differences in means for each sex, the LS Means Contrast 
tests were done testing single sex males versus mixed pots and single sex females versus 
mixed sex pots. To test for a sex difference in gemma cup production, one more contrast 
was done between single sex males and single sex female pots. All statistics for these 
studies were done using the statistical software JMP (JMP®, PRO 13 SAS Institute Inc., 
Cary, NC, 1989-2019). 
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Results 
Growth analysis: An effect of competition was detected as an increase in overlap 
with increase in initial density (Figure 1.5), as well as a cost to relative growth rate for 
individuals that increased as initial density increased (Figure 1.6). Although constant final 
yield was not reached, the effect of initial density on overgrowth and relative growth rate 
show a significant effect of competition. Thus, all subsequent analyses (after Figure 1.6) 
are limited to the highest density group, the group that showed the greatest level of 
competition.   
 
Figure 1.5. Overlapping of plants increased with density. Boxplots showing the 
distribution of the sum of total plant area per pot. The dashed line at 39 cm² represents the 
total surface area of a pot so that plots above this line show definite overgrowth. Total area 
of plants per pot was compared between densities using a Tukey test with the bars 
representing comparisons between groups. ** P < 0.01. 
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Figure 1.6 Relative growth rates of individuals significantly decreased with increasing 
initial density. Boxplots showing the interquartile range and median for relative growth 
rates for the three densities. Relative growth rates between density groups were compared 
using a Tukey test with bars representing comparisons between the different groups. * P 
< 0.05. 
 
Both sexes grew significantly more in mixed-sex pots relative to single-sex pots 
(Figure 1.7), and a linear regression that included single-sex and mixed-sex pots showed a 
significantly negative association between the number of same sex individuals in a pot and 
the relative growth rate of that sex (P < 0.05). For males, a linear regression showed a 
significantly negative association between the number of males in a pot and male relative 
growth rate (P < 0.05, Figure 1.8), and for females there was a non-significant negative 
association between the number of females in a pot and female relative growth rate (P > 
0.05, data not shown). 
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Figure 1.7 For both sexes, members of a sex showed significantly higher relative growth 
rates when grown in mixed sex pots relative to single-sex pots. Relative growth rates 
were compared using the t-test. * P < 0.05. 
 
Figure 1.8 The more same sex individuals that males grew with had a significantly 
negative association with their relative growth rate. The total density of individuals 
remained constant at six for each number of males per treatment, the remaining 
individuals were females. The adjusted R2 of the regression line was 0.073, the slope -
0.006, and the p-value 0.0016. 
 
* * 
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Relative growth rate was significantly influenced by the initial proportion of males 
to females and by genotype within sex, but not by the sex of the individual (Table 1.1).  
Table 1.1 Initial proportion of females to males and sex within genotype significantly 
affected relative growth rates. Results from a multi-factor ANOVA testing the effect of 
proportion of females to males in a pot, sex, and genotype(sex) on the relative growth 
rates of individuals. 
 Df Type III 
SS 
F P 
Proportion 4 0.0139 4.67 <0.0001 
Sex 1 0.0012 1.59 0.2088 
Genotype (Sex) 34 0.0732 2.90 < 0.0001 
Error 227 0.1687   
Total 266 0.2728   
 
Competition analysis: Relative yields (RYs) showed females averaging 1.58 times 
more growth and males 1.25 times more growth in mixtures relative to their single-sex 
pots. Across the six possible RYs, each mixed sex proportion for males and females, five 
were above one. The one exception was males in pots with four males and two females, 
that showed 0.85 times the growth in single-sex pots (Table 1.2 and Figure 1.9) Altogether 
there was a pattern of more growth in mixture pots relative to single-sex pots (Figure 1.7, 
Table 1.2).  
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Table 1.2 Relative yields and relative yield totals averaged over proportions showing a 
pattern of RYs and RYTs above 1, indicating a pattern of higher growth in mixed-sex 
relative to single-sex cultures. A negative association between yield and the number of 
members of the same sex can be seen for male yields. Bold numbers signify significant 
values relative to their expected values using t-tests (P < 0.05). A relative yield value of 
one signifies an equal amount of growth for a sex in mixed-sex pots relative to single-sex 
pots. A relative yield total value of one signifies an equal amount of growth per plant in 
mixed-sex pots relative to the constituent male and female single-sex pots. 
 
 Female RY Male RY RYT 
Mean 1.58 1.25 1.41 
 
 
 
 
Figure 1.9 De Wit replacement diagram showing average relative yields (RY) and 
average relative yield totals (RYT) for each proportion in the six density pots. Means for 
female and male RY and RYT are not shown but are listed in table 2. The x-axis shows 
the ratio of females to males (Females : Males). RYs and RYTs were compared with their 
expected value of 1.0 using the t-test. * P < 0.05. 
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Mean RYT was 1.41 times higher than the expected value of 1.0 (P < 0.05). Two 
of the three RYTs were significantly higher than their expected values, at 1.66 and 1.51 
times higher (P < 0.05). The remaining RYT was not significant (only 1% above expected, 
Table 1.2 and Figure 1.9). Mean relative yield total across proportions showed a positive 
association with time (Figure 1.10). The RY and RYT results agree with those of Figure 
1.7, showing higher relative growth rates for both sexes when in the presence of the other 
sex.  Mean aggressivity scores were not significant at -0.097 for males and 0.097 for 
females (P > 0.05).  
 
 
Figure 1.10 The proportion of males and the RYT are shown here increasing over time as 
plotted regression lines. The adjusted R2 of the RYT regression line was 0.0894, the slope 
0.00218, and the p-value 0.00025. The adjusted R2 of the Proportion of Males regression 
line was 0.0206, the slope 0.0004, and the p-value 0.0527. Proportion of males was 
calculated per pot as total male area / (total male and female area) (at day 0, 47.1%; day 
46, 49.0%; day 93, 52.5%; day 150, 54.8%; and day 213, 55.2%). 
 
Sex ratio: there was an increasing trend towards male biased sex ratios (P = 0.0527, 
Figure 1.10)., A predicted sex ratio with a stable coexistence favoring males was predicted 
20 
 
using the ratio diagram method. The regression line of the ratio diagram had a slope less 
than one, indicating an equilibrium or coexistence is predicted (McCreary 1983, de Wit 
1960). An equilibrium was calculated at the point 1.158, 1.158, where a line beginning at 
0, 0 with a slope of 1 intersects the regression line. This point is where the initial sex ratio 
is predicted to equal the final sex ratio. When the inverse natural log was done on the 1.158, 
1.158 point, the sex ratio was 3.2 males to 1 female, meaning a coexistence is predicted at 
this sex ratio (Figure 1.11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.11 A plot showing the predicted sex ratio (3.2 males to 1 female) where coexistence exists 
(black circle). The plot is a ratio diagram with the natural log of the initial sex ratio of mixed sex 
pots (initial male size / initial female size) on the x-axis with the natural log of the final sex ratio 
(final male size / final female size) of pots on the y-axis. The regression line (black line) formula 
equals y= 0.6605x + 0.1708. The equilibrium point or point of coexistence (represented by a black 
circle) can be found by finding where the regression line intersects with a line with y-intercept of 
0 and slope of 1 (represented in the plot by the dotted line). At this point the initial sex ratio equals 
the final sex ratio (3.2 males to 1 female). 
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Asexual allocation: There were more asexually reproducing structures per unit 
plant area in single-sex male pots than either single-sex female or mixed-sex pots (LS 
Means Contrast tests, P < 0.05). There was not a significantly different number of gemma 
cups per area vegetation between mixed-sex pots and single-sex female pots (LS Means 
Contrast tests, P > 0.05, Figure 1.12).  
 
Figure 1.12 Boxplot showing a significant difference between the number of gemmae 
cups per unit of vegetation between single-sex males and the other two pot sex types, 
single-sex females and mixed-sex (LS Means Contrast, means sharing a letter are not 
significantly different).  
Discussion  
Both males and females of Marchantia inflexa grew more in mixture than in single-
sex cultures, by both producing more growth, thus producing overyielding when grow 
together. In addition, although females showed the greatest proportional increase in growth 
from growing with the opposite sex, males generally showed higher growth rates than 
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females. This resulted in a predicted coexistence between the sexes with a sex ratio 
different from the hypothesized female bias, with about three males to one female. In 
addition, males showed a trade-off between having more asexually reproducing structures 
in single-sex cultures and more vegetative growth in mixed-sex cultures. 
Overyielding occurs when complementary mixtures yield more biomass than 
expected relative to their constituent species grown in monocultures (Loreau and Hector 
2001, Cardinale et al. 2007). Relative yield total (RYT) considers the sum of the 
proportional changes in yield of the two species (sexes in this study) in mixture relative to 
monoculture and is a frequently used index for measuring overyielding where an RYT 
value above one is linked to overyielding (Tilman 1997).  The results from this experiment 
showed RYT was significantly above one, at 1.28, showing about 28% more growth in 
mixed-sex compared to single-sex pots. Given the lack of studies showing overyielding 
between sexes, the proposed causes for overyielding in species interactions can be a guide 
for interpreting overyielding between the sexes. Overyielding is relatively common in 
flowering plants and is used to describe when species diversity contributes to higher 
primary productivity (overyielding; Tilman 1997, 2001, Hector et al. 1999, 2011, 
Marquard et al. 2009).  One theory for a mechanism of overyielding is niche partitioning, 
or complementary use of resources that decreases levels of competition (Cardinale et al. 
2007). For example, two species growing together and using resources differently will 
maintain higher productivity than growing in their respective monocultures. Cardinale et 
al. (2007), Fargione et al (2007), and Marquard et al. (2009) suggest niche partitioning 
effects are often not as great in the early phases of an experiment but increase over time. 
Their observations reflect the results of this experiment because RYT was positively 
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associated with time (Figure 1.10). Niche partitioning is suggested to result most strongly 
among plants with differing functional traits. Thus, in this experiment, differing dimorphic 
traits between the sexes could be leading to niche partitioning, the reduction of competition 
between the sexes, and thus increased productivity. Previous experiments with Marchantia 
inflexa found evidence for dimorphic non-sexual reproductive traits, including asexual 
propagule production and growth rates (McLetchie and Puterbaugh 2000, Fuselier and 
McLetchie 2002, Stieha et al. 2014), dehydration tolerance (Stieha et al. 2014, Marks et al. 
2016), and photosynthetic traits (Groen et al. 2010). These traits may require different 
resource use that translates to different niches and thus complimentary growth. Further, the 
different reproductive functions of males and females may drive dimorphic traits. 
One constraint on niche partitioning between males and females is the distance 
between the sexes must be close enough for successful fertilization to occur (Cox 1981). 
Reduced fertilization due to distance is especially significant among bryophytes. The 
measured sperm dispersal distance of many bryophyte species is short, for example in the 
close relative of M. inflexa, M. chenopoda, sperm dispersal distance was measured at less 
than one meter (Crum 2001). This relatively short distance could suggest selection for 
niche partitioning within a relatively close proximity. The results of this experiment are 
consistent with this idea. At such close proximity, sexual niche partitioning could be 
controlled by nutrient requirements. However, according to Glime (2013) nutrient 
requirements for bryophytes tend to be relatively low, so partitioning controlled by nutrient 
requirements may not be a strong force for controlling where the sexes will grow. Niche 
partitioning can occur along gradients of light and water. However, both light and water 
are assumed to have been supplied in abundance throughout the duration of the experiment. 
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Niche partitioning can also occur for space, in relatively close proximity like this study, 
plants of different growth sizes decrease competition for one or more species to the extent 
that increased total production occurs (Zhang et al. 2014). But given the similarity of 
growth structures in males and females in this study niche partitioning according to space 
seems unlikely. Thus, niche partitioning may not be the cause for the observed 
overyielding. That being said, a nutrient analysis of male and female thalli tissue would 
help to truly rule out niche partitioning according to nutrients as a possibility, and if some 
difference is found in nutrient composition of thalli it could help explain the overyielding 
results from this study. 
Another way the presence of the opposite sex could change growth is through 
chemical signals. Detection of one sex by the other sex in plants has been observed in 
angiosperms, in both dicots (Dong 2017) and monocots (Mercer and Eppley 2014), as well 
as bryophytes (Loveland 1956, and Hedenäs 2005). Many bryophyte species, especially 
within the moss genus Dicranum, produce dwarf males when male spores germinate on the 
leaves of female plants through a process called phyllodioicy (Crum 2004).  The presence 
of dwarf males increases the probability of successful sexual reproduction given the close 
proximities of female and male sex structures and reduces competition by that male for 
resources needed by the female. Dwarf males are predicted to occur among 10 to 20% of 
pleurocarpus mosses and appear in at least 27 families of bryophytes (Fuselier and Stark 
2004). In Loveland 1956, working with a species of the moss genus Dicranum, male spores 
germinating on female bodies dwarfed while if germinating off females grew to normal 
size, suggesting dwarfism of males is dependent on the presence of females. The author 
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suggests the control may be through chemical hormones. Other studies with the moss genus 
Macromitrium also theorized hormones could be responsible (Une 1985, 2009). 
Another way plants have been found to recognize a characteristic of the identity of 
their neighbor is in kinship recognition (Biedrzycki and Bais 2010). Studies of kinship and 
sex recognition between plants typically test for a growth response from the proximity of 
a neighbor (Loveland 1956, Dudley and File 2007, Biedrzycki and Bais 2010). The current 
study shows a growth response to the presence of the opposite sex that differs from the 
presence of the same sex. A possible mechanism for this response is the recognition of one 
sex by another followed by a change in energy allocation from asexual reproduction to 
vegetative growth or vice-versa. The difference in the number of asexually reproducing 
structures per unit of plant area between single-sex and mixed-sex pots in males, with 
single-sex pots containing more asexual structures than mixed-sex pots, shows evidence of 
this occurring (Figure 8). The finding that single-sex pots showed less growth than mixed-
sex pots, is consistent with previous findings of a trade-off between asexually reproducing 
structures and vegetative growth (McLetchie and Puterbaugh 2000), and this trade-off led 
to overyielding for males. If males do produce more gemma cups when females are absent, 
it could be a way for males to more quickly disperse and encounter females. Meanwhile, 
one reason why females may not show the trade-off observed in males is because they have 
been selected to create a clump presence where they are, whether males are present or not, 
in order to be well-established upon eventual fertilization.  
The current study contrasts with previous models done of M. inflexa, but results 
from the current study could be useful for improving the models. Previous work was done 
mathematically modeling population sex ratios in M. inflexa, showing displacement of 
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males by females, or females by males depending on the disturbance frequency (McLetchie 
et al. 2002, Crowley et al. 2005). This study did not show evidence that one sex will 
displace the other, but that coexistence will occur at a male biased sex ratio. However, the 
current study differs from the models in a number of important ways. In this experiment, 
asexual propagules did not disperse as they did in the models but stayed in the proximity 
of their gemma producing cups. This experiment spans about seven months while the 
model spans many years. The models assumed higher relative growth rates for females, 
while this study did not measure a higher growth rate for either sex. The models included 
contributions of asexual and sexual propagules, some included contributions from other 
populations, while this experiment did not. The models spanned all life stages while this 
experiment stops before sexual reproduction so did not include the costs of sexual 
reproduction and does not include sexual reproductive costs. However, this experiment can 
inform the models by demonstrating that overyielding occurs when the sex co-occur. There 
are many examples of plant species richness and functional differences increasing total 
biomass (Hector et al. 1999, Marquard et al. 2009, Hector et al. 2010). Coexistence, or a 
stable sex ratio, at a male biased sex ratio of roughly three males to one female could also 
be included in the model for before onset of sexually reproductive structures. However, the 
stable sex ratio predicted ignores contributions from other populations and asexual 
reproduction.  
A female biased sex ratio was hypothesized to result in this experiment due to the 
prevalence of female biased sex ratios in bryophytes, but the results showed coexistence at 
a male biased sex ratio. The result that biased sex ratios can appear before differences in 
energy allocation to sexual reproduction shows there may be other mechanisms influencing 
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sex ratio change than differences in the allocation to sexual reproduction between the sexes 
(Mercer and Eppley 2014). If there is a trend of male biased sex ratios in bryophytes before 
sexual reproduction, it may help offset the greater allocation to sexual reproduction for 
males to overall moderate more extreme sex ratio bias. 
In conclusion, this study resulted in the novel result of intersexual overyielding in a 
mixed sex competition experiment. If such overyielding appears in other plants, it could be 
an important factor to consider when predicting growth patterns in intersexual groups. A 
possible mechanism for overyielding was uncovered for males where a change in energy 
allocation from asexual reproduction to vegetative growth was observed from single-sex 
cultures to mixed-sex cultures respectively. In addition, it is the first study to my 
knowledge to apply a De Wit style competition experiment to a bryophyte, an informal 
group comprised of around 25,000 species (Crum 2001), the second largest group of plants 
following flowering plants.  
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CHAPTER 2. FEMALES FIRST CONTACTING OTHER FEMALES POST-
ESTABLISHMENT BUT NO RESPONSE IN THE GROWTH OF ASEXUAL 
PROPAGULES IN A BRYOPHYTE 
Abstract 
Sensing information about their environment gives plants an advantage to developing and 
reproducing. A plant’s environment includes neighboring plants and some plants are known to 
recognize and respond to characteristics of those neighboring plants identities. Recognition and 
response have been found for kinship level, self and non-self, and between sexes. Signs of sex 
recognition have all taken place below ground, in root growth.  This study tests whether sex 
recognition can lead to a vegetative, or above ground, response in growth by recording the first 
contact individuals make when growing approximately equidistant from one male and one female. 
Cuttings of the thalloid liverwort M. inflexa were grown in horticultural pots in a greenhouse. 
Growth of individuals was tracked by photographs taken about every 14 days. In addition, the 
growth and production of rhizoids (root like structures) of asexual propagules of M. inflexa were 
recorded when exposed to water solutions made from water and tissue from same sex, opposite sex, 
or from which no tissue was previously growing. Females made more same-sex first contacts than 
opposite-sex first contacts, and there was no difference in rhizoid growth and production. The 
results suggest that females of M. inflexa could be recognizing the sex of its neighbor and favoring 
females over males, a pattern that does not favor immediate sexual reproduction but perhaps has a 
survival benefit. 
 
Introduction 
How plants interact with their environment depends largely on the information they 
gather. Part of that information can be characteristics of surrounding plants. For example, 
mechanisms to identify the genotype of pollen protect eggs from self-fertilization. 
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Evidence exists of plants distinguishing between species (Huber-Sannwald et al. 1996), 
between the kinship level of a neighbor (Dudley and File 2007, Lepik et al. 2012), between 
sex (Rogers and Eppley 2012, Mercer and Eppley 2014, Dong et al. 2007) and between 
self and non-self (Mahall and Callaway 1996). For sex recognition, growth responses have 
all been recorded below ground with roots. Whether sex recognition can lead to above 
ground vegetative growth responses is still unclear. 
Because plants are sessile, movement from the point where they are rooted is limited. 
Growth from that point is driven by a variety of functions and can be in response to the 
identity of a neighboring plant. For example, in the vine Cayratia japonica a study 
suggested that it can sense self versus non-self and is more likely to climb on other plants 
(Fukano and Yamawo 2015). In this example, the authors suggest that C. japonica climbs 
on other plants and avoids climbing on itself because coiling is harmful to the host plant. 
They suggest vines are effective for observing above ground self-discrimination in plants. 
Like self-discrimination, sex discrimination in plants has also been observed but only in 
below ground (root) interactions (Mercer and Eppley 2014, Dong et al. 2017).  
A previous study showed that the growth rate of the sexes of Marchantia inflexa 
significantly increased when grown with the opposite sex. Greater competition was 
measured for both sexes when grown with the same sex. One explanation for this increased 
growth is a complimentary use of resources between the sexes that decreases resource 
competition. However, light and water are assumed to have been supplied in abundance. 
Growth structure differences between the sexes were not observed that could give the sexes 
a complimentary use of space. Nutrient requirements for bryophytes tend to be relatively 
low (Glime 2013). Further, competition could not explain how among males the number 
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of asexual propagules produced significantly decreased in the presence of females. Another 
explanation for these changes in growth patterns from the previous study is a chemical 
signal-response effect, where the presence of the opposite sex was detected, and plants 
responded with a change in growth.  
This study tests for sex recognition by counting the first contacts each sex encounters 
during establishment and whether a stable water-soluble compound exists that affects the 
germination and rate of growth and production of rhizoids of asexual propagules, 
depending on the sex of the propagule and the sex from which the possible compound 
originated. My prediction is that sex recognition will be present so that the sexes will first 
contact the opposite sex before the same sex, in order to form a clump presence together. 
Because sperm dispersal distance is relatively short in bryophytes, there may be selection 
for discriminating between sexes and growing towards the opposite sex to increase the 
likelihood of being near the opposite sex and thus the likelihood of increased sexual 
reproduction. First contact might be driven by growth differentials, such that the sex with 
the higher growth rate will have more first same-sex contacts followed by mixed-sex 
contacts, followed by same-sex contacts involving the sex with the slower growth rate.  I 
also predicted that the germination and growth of rhizoids will increase when gemmae are 
exposed to water-soluble compounds from the opposite sex relative to the same sex. 
Methods 
Study organism: Marchantia inflexa is a thalloid liverwort of the Marchantiaceae 
family and member of the informal Bryophyte group. It is native from the southeastern 
United States to northern Venezuela (Schuster 1983, Bischler 1984). The species is 
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dioecious, containing male and female sex structures on separate plants. Sex is controlled 
genetically (Bischler 1984). Populations exist with both sexes and sometimes with a single 
sex persisting through asexual reproduction (Schuster 1983, Fusilier and McLetchie 2004, 
Stieha et al. 2014). They are most commonly found along stream banks, the surface of 
rocks within streams, and on soil along forest roads (Groen et al. 2010a). Asexual 
reproduction occurs via asexual propagules, gemmae, produced within splash cups on the 
surface of thalli or through thallus fragmentation where older thalli will decay leading to 
fragmentation and physiologically distinct plants (Schofield 1985). Growth of the thallus 
is horizontal across surfaces with dichotomous branching. Root-like single cell structures 
called rhizoids exist on the underside of thalli that serve to anchor thalli to substrates. The 
species is often observed growing in clumps, where thalli are intertangled, creating a mat. 
Sex structures are held on stalks (modified thalli) and are the principal way sex 
determination is achieved. When sex structures are absent the sexes are virtually 
indistinguishable. However, a recent study has identified DNA markers for male and 
female plants (Marks et al. 2019). 
Sex specific differences in first contacts during establishment: The goal of this 
study was to test whether a focal plant that is planted approximately equidistant between 
one male and one female (non-focal plants) will more likely grow towards its own sex, the 
other sex, or randomly. The primary goal of the design used was to measure competitive 
abilities of the sexes using a variation of the de Wit competition design (chapter 1). In that 
study (from chapter 1) three initial densities were used to measure the level of competition 
occurring in each density group. For this study, the two higher densities, a density of four 
and a density of six, were tested because they contained mixed-sex pots that included 
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individuals being planted approximately equidistant from one female and one male. 
Competition was recorded as being greater in the six density pots. Competition in the 
previous study was assumed to have been for space. Because this study is only interested 
in the period before competitive interactions, the later difference in the level of competition 
occurring was assumed to not interfere with this study. Thus, both four and six density pots 
were included. 
Plants were sourced from 37 genotypes (Brzyski et al. 2012), 19 males and 18 
females, originally collected from roadside and stream-side sites on the island of Trinidad 
in the Republic of Trinidad and Tobago. They were grown as stock plants in greenhouse 
conditions at the University of Kentucky, Lexington, KY, USA.  
During planting 37 genotypes were randomly assigned using a random number 
generator. Cuttings of M. inflexa were chosen for the best signs of health and cut at 
approximately one-half centimeter and included one meristematic region. A t-test showed 
no significant difference in the size of cuttings between males and females. Four-inch 
plastic horticultural pots were used with ventilation slits, and full-spectrum neutral density 
plastic sheeting (Lee Filters, Burbank CA, USA) was used to create transparent lids to 
reduce the level of weed infiltration. Soil was field collected from the University of 
Kentucky and steam sterilized three times to avoid contamination from weeds. To further 
suppress weeds, algae, moss, and ferns were removed using sterilized forceps and spatula, 
and a dissection microscope.  
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Figure 2.1 Proportions of males to females in pots used for observing which sex 
individuals first contacted. 
 
 
Figure 2.2 Placement of plants was roughly equidistant from each other. Analysis was 
limited only to plants with a female to one side and male to the other side. 
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Feb. 3 (0 d) 
 
Mar. 21 (46 d) 
 
Apr. 16 (72 d) 
 
May 7 (93 d) 
 
May 22 (108 d) 
 
 
Figure 2.3 Photographs of one pot, with four females (white) and two males (black), 
taken at roughly two-week intervals from Feb. 3 to Sept. 18, 2018. Plants can be seen 
beginning to contact each other around Mar. 21, and by May 22 every plant had 
contacted some other plant. Focal plants begin with a male to one side and a female to the 
other side and are marked with a white *. If an individual is first in contact with both 
sexes in a picture, it is assumed they were in contact first with the plant with which they 
share the most overlap. 
 
Every 14 days, photographs were taken of the surface of each pot and the first 
contact focal plants made was recorded (Figure 2.3). To test if the first contact a focal plant 
made with a non-focal plant deviated from the expected outcome (1:1, same sex : different 
sex), G-tests of goodness of fit were used because they test whether the observations fit an 
expectation using a categorical variable.  
 
* 
* 
* 
* 
* 
* 
* 
* 
* 
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Rhizoid length and production: The goal of this study was to test whether rhizoid 
growth from gemma will have more or less production based on whether they are in water 
previously occupied by thallus tissue of their own sex, the opposite sex, or not previously 
occupied. Gemmae were collected from three males and three females of separate 
genotypes from a greenhouse environment. They were then mixed within sex in distilled 
water for testing.  
To supply the treatment water, cuttings of males and females of the same genotype, 
but different genotypes than the gemmae, were collected from greenhouse grown stock 
plants. Each cutting was placed in a well of a 12-well plate with 70 uL of distilled water. 
Well plates were then left in a growth chamber at 70 degrees fahrenheit for seven days to 
allow broken sections of the thalli to heal before transferring them to new distilled water 
in new 12-well plates. This was done to reduce the possibility of the intracellular contents 
of freshly broken cells to enter the treatment water. Well plates were given another 7 days 
in the growth chamber before liquid was removed for treatment applications. 
Gemmae were added, one gemma per well, to 70 uL of either same sex or opposite 
sex water, or non-treated distilled water and randomly assigned to a well within four 12-
well plates. Well-plates were assigned as one of six groups: female gemmae and plain 
water, female gemmae and female water, female gemmae and male water, male gemmae 
and plain water, male gemmae and female water, and male gemmae and male water. There 
were eight replications of the six treatments (2 sexes and 3 water treatments) totaling forty-
eight samples. Well plates were kept in a growth chamber for 14 days for gemmae to 
germinate.  
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After 14 days, gemmae were removed, and stained with methylene blue to be 
observed under a compound microscope. Whether a gemma germinated was recorded 
based on whether rhizoid were present, rhizoid number was counted, and the maximum 
length for the three longest rhizoids were measured using a compound microscope, 
dissection microscope, and the computer imaging software ImageJ (U.S. National 
Institutes of Health, Bethesda, Maryland, USA; available at http://imagej.nih.gov/ij/). 
To test for an effect of sex and water type on percent germination a G-test for 
goodness of fit was used. During the experiment a small number of gemmae were lost by 
exiting their wells, so unequal sample sizes resulted (Table 2.2). To compare percent 
germinations the observed percentages for each treatment were compared to the overall 
average germination. To test the effect of sex and water type on rhizoid number (square-
root transformed), a multi-way ANOVA was used with sex and treatment. Another multi-
way ANOVA was used where the effect of sexes and water types were tested on the rhizoid 
length of the three longest rhizoids in cm. If a gemma did not have three rhizoids, then an 
average was taken of what rhizoids it did have. To test for an effect of same sex versus 
opposite sex of treatment on rhizoid number, a LS Means Contrast test was used. All 
statistics for these studies were done using the statistical software JMP (JMP®, PRO 13 
SAS Institute Inc., Cary, NC, 1989-2019). 
Results 
Sex specific differences in first contacts during establishment: The first contact for 
all plants was recorded for every individual. In some cases, when a focal individual made 
its first contact, it was also the first contact for the non-focal individual. If this non-focal 
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individual was also a focal individual, then both plants served as focal and non-focal plants.  
In total 84 plants were recorded with 43 males and 41 females. G-tests of goodness of fit 
were used to test the level of statistical significance of contacting one sex first more than 
the other. Females first contacted other females significantly more, showing 28 female and 
13 male first contacts (P < 0.05). Males did not contact one sex significantly more than the 
other, showing 25 male and 18 female first contacts (P > 0.05, Table 2.1). Overall, there 
were significantly more same-sex relative to opposite sex first contacts (Z-test, P > 0.05, 
Figure 2.4).  
Table 2.1 Counts of first contacts for males and females. 
 Focal Males Focal Females Total 
Non-Focal Males contacted 25 13 38 
Non-Focal Females 
contacted 
18 28 46 
Total 43 41 84 
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Figure 2.4 Females first contacted other females significantly more than first contacting 
males (P = 0.0178). Males did not make more first contacts with one sex significantly 
more than the other (P = 0.2847) and overall there was significantly more same-sex first 
contacts (G-test, P = 0.0007). Shown are counts of individuals’ first contacts being either 
a male or a female with F or M representing female or male focal plants and _Male or 
_Female representing the non-focal plant first contacted. Statistics used a G-test of 
goodness of fit.  
 
Rhizoid length and production: There was 78% germination among all gemmae, 
and water type did affect germination (P < 0.05). There was 82% female and 74% male 
germination, and water type was not found to affect germination significantly within either 
sex (Table 2.2, Figure 2.5, P > 0.05). There was no effect of the sex of the gemmae or the 
water type it was in on the number of rhizoids produced (Multi-way ANOVA, Table 2.3, 
Figure 2.6, P > 0.05), and there was no difference in rhizoid number between gemmae 
exposed to a same-sex solution versus an opposite sex solution (Figure 2.6, LS Means 
Contrast, P > 0.05). There was also no effect on rhizoid length depending on water type 
(Multi-way ANOVA, Table 2.4, Figure 2.7).  
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Table 2.2 Water type affected the level of germination among all gemmae (G-test, P < 
0.05) but within each sex there was not an affect (G-test, P > 0.05). Germination rates of 
the sexes and water types is shown with sample sizes. The sex of gemmae outside the 
parentheses and the water type within the parentheses. Unequal sample sizes are shown 
because three gemmae spilled from their wells. 
 
 
 
Figure 2.5 Water type (female, male, and plain (not previous occupied)) affected the 
percent germination of gemmae (G-test, P < 0.05). 
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Table 2.3 There was not a significant effect of sex or water type on the number of 
rhizoids an individual had. A Multi-way ANOVA table with independent variables of sex 
of gemmae and type of water (same sex, opposite sex, or distilled) with square-root 
transformed rhizoid number. 
 
 df Type III SS F P 
Sex 1 2.3706 0.5349 0.4687 
Water type 2 6.1120 0.6896 0.5075 
Error 41 181.6907   
Total 44 190.0092   
 
 
Table 2.4 There was not a significant effect of sex or water type on the average rhizoid 
length an individual had. A Multi-way ANOVA 1table with independent variables of sex 
of gemmae and type of water (same sex, opposite sex, or distilled) with square-root 
transformed average rhizoid length. 
 
 df Type III SS F P 
Sex 1 0.0004 0.0007 0.9793 
Water type 2 0.7546 0.6007 0.5549 
Error 30 18.8444   
Total 33 19.6119   
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Figure 2.6 There was no significant difference between the sex of gemmae and the water 
type they were in on the number of rhizoids per individual. Means and distributions of the 
number of rhizoids of the sexes in their treatment groups is shown. The y-axis shows 
rhizoid number and the x-axis shows the sex of gemmae (M = male, F = Female) 
followed by water treatment type (ANOVA, P > 0.05). A LS Means Contrast comparing 
same-sex groups (F-Female and M_Male) with opposite sex groups (F_Male and 
M_Female) found no significant difference in rhizoid number between the groups (P > 
0.05 
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Figure 2.7 There was no significant difference between the sex of gemmae and the water 
type they were in on the length of the three longest rhizoids. Means and distributions of 
the sexes in their treatment groups is shown. The y-axis shows average rhizoid, averaged 
across the three longest rhizoids in cm. If a specimen did not have three rhizoids, an 
average was made of the remaining rhizoids. The x-axis shows the sex of gemmae (M = 
Male, F = Female) and water treatment type (ANOVA, P > 0.05) 
 
Discussion 
This study showed females first contacted other females before males, overall there 
were significantly more same-sex relative to opposite sex first contacts, and germination 
was higher for both sexes in same-sex relative to opposite-sex water. In water not 
previously occupied, females had their highest and males their lowest level of germination. 
In addition, the rhizoid number and length of gemmae were not affected by water type or 
the sex of gemmae. 
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In the previous study (chapter 1), vegetative growth increased for both sexes when 
grown with the opposite sex. The hypotheses for the experiments here were generated from 
that observation and were that there would be more opposite sex first contacts relative to 
same sex first contacts, and that gemmae would germinate more with the opposite sex in 
order to be close enough to sexually reproduce. However, the results did not agree with 
these hypotheses. When comparing the results of the previous study to this study, there are 
two important differences that may account for the lack of support for these hypotheses. In 
the previous study the growth response built gradually over 213 days, while the first contact 
study had a duration of 108 days and the germination and rhizoid study had a duration of 
14 days. Past studies have shown increased growth in mixed species cultures do not always 
begin right away but can develop over time (Cardinale et al. 2007, Fargione et al. 2007, 
and Marquard et al. 2009), and this may also be true for increased growth in mixed sex 
cultures of M. inflexa. In this study, plants are going through different life stages than the 
previous study: asexual propagules were tested 14 days past germination, while the 
previous study started during an establishment stage and extended through the development 
of clumps. Also, this study solely tested for a chemical signaling compound that is water 
soluble, and not for volatile compounds. Further investigation may test whether a volatile 
compound exists in M. inflexa that could help explain growth differences among 
individuals that depend on the sex of their neighbor (results from chapter 1).  
In the study of whether the sexes would contact one sex first more than the other, 
females contacted another female first significantly 68% of the time, while males contacted 
another male first 58% of the time. Overall there were significantly more same-sex first 
encounters relative to opposite-sex. Within each sex only females showed significantly 
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more same-sex first encounters. That females would first contact other females 
significantly more is surprising, because males in the study showed greater growth rates 
which should make them more likely for individuals to first encounter them. A precedent 
for growth changes of dioecious plants depending on the sex of a nearby individual exists. 
Past studies have shown the abundance of root growth being influenced by the sex of a 
neighbor (Mercer and Eppley 2014, Dong et al. 2017).  The Dong et al. (2017) study 
showed using the tree Populus cathayana that root growth was enhanced for females 
growing with another female and reduced for males growing with another male. The 
Mercer and Eppley (2014) study demonstrated with the grass Distichlis spicata that 
females exhibited greater root abundance when grown with males. This study suggests 
above ground vegetation could also be affected by finding females first encountering other 
females before males. If this effect truly represents a pattern in this species, it would mean 
that in addition to movement of above ground vegetation in plants towards light (Taiz et 
al. 2015), away from gravity (Taiz et al. 2015), to capture prey (Taiz et al. 2015), to climb 
a non-self plant (Fukano and Yamawo 2015), or to avoid predation (Jensen et al. 2011), 
that the direction of movement in plants can also be directed towards a neighbor depending 
on its neighbor’s sex. This study showed sexual dimorphism in that bias in first contacts, 
with females showing a same sex bias and males showing no bias. This effect could be due 
to dimorphic life history strategies, where selection for females towards favorable niches 
and the benefit to survival of finding those niches, becomes more important than moving 
towards a male. Moving towards another female may be a way of seeking that favorable 
niche. At the same time, it may be equally important to a male to gain the benefit of a male 
niche as to be nearby a female. Given females are often found allocating more resources 
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per sexual reproductive event, it may be more important to them to have a favorable 
environment when that event arises. Sexual dimorphism is commonly observed in plants 
(Barrett 2012) and can lead to differential niche preferences (Bierzychudek and Eckhart 
1988). M. inflexa has shown dimorphisms in traits that could lead to niche partitioning: 
dehydration tolerance (Stieha et al. 2014, Marks et al. 2016), photosynthetic traits (Groen 
et al. 2010), and growth rates (McLetchie and Puterbaugh 2000, Fuselier and McLetchie 
2002, Stieha et al. 2014). Such dimorphic traits in M. inflexa could be encouraging 
selection for dimorphic niche preferences so that females grow towards other females to 
seek such niches. 
These studies also showed gemma germination may be environment-dependent. A 
significant pattern of higher germination when exposed to same-sex water relative to 
opposite-sex water could be seen for both sexes. However, individual analyses for both 
sexes did not produce significant results for the effect of water type on germination within 
each sex. Statistical significance was also missing for an effect on rhizoid number, but the 
absence of effect could be due to sample size. A power test predicts a sample size of 55 
would be needed to detect significance in whether same sex or opposite sex water affects 
rhizoid number. The lack of statistical significance for the effect of water type on 
germination within each sex, rhizoid number, and rhizoid length could be due to a 
breakdown of a chemical signal. If such a chemical signal exists, and if it possesses a short 
lifetime, then this study could miss a stronger affect gemmae would have from being in the 
proximity of another individual. If a higher likelihood of germinating around the same sex 
really exists in nature for both sexes, it could be due to selection for gemmae to follow 
members of its own sex in hopes of arriving in favorable niche environments, similar to 
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the explanation for females in why they could be encountering other females first more 
than males. 
Overall, the results showed two possible growth responses from a recognition of a 
neighbor’s sex. Also, a previous study (chapter 1) found greater growth for both sexes in 
mixed sex relative to single sex clumps.  Taken together, these data suggest sex recognition 
may be an important part of how the sexes interact in dioecious plants. Further investigation 
can repeat the germination and rhizoid study with a greater sample size, or test for 
complimentary use of resources between the sexes to help explain the results of the 
previous study, this could be done by a simple chemical analysis of the tissue of both sexes 
(chapter 1). In summary, there may be several mechanisms that exist at different life-
history stages that influence sex ratios in dioecious plants, and among these those related 
to growth may be affected by the sex of adjacent individuals.
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